Direct observation of higher-order whispering-gallery modes in VCSELs at room 
temperature by embedding a defect-free surface micro-structure 
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We propose and demonstrate a direct method to observe higher-order whispering-gaUery modes 
in vertical cavity surface emitting lasers (VCSELs) at room temperature. Instead of introducing any 
defect mode, we show that suppression of lower-order cavity modes can be achieved by destroying 
vertical reflectors with a surface micro-structure. Up to the 23rd azimuthal order whispering-gallery 
mode conflned laterally by the native oxide layers is observed in experiments through collecting near- 
field radiation patterns. Various vertical emission transverse modes are identified by the spectrum 
in experiments as well as numerical simulations. 

PACS numbers: 05.45.-a, 42.55.Px 



Whispering-gallery modes (WGMs) are almost graz- 
ing incidence patterns confined by the total internal re- 
flection at the interface With advantages of small 
mode volume and strong confinement WGMs have at- 
tracted much attention in photonics, quantum electrody- 
namics, and telecommunications, due to their potential 
application to enhance spontaneous emission and make 
threshold-less lasing. Fabrication of high-quality fac- 
tor microdisk and microring has experimentally demon- 
strated WGMs with embedded emitters based on com- 
pound semiconductor lasers 0, [3L and more recently 
on silicon-on-insulator materials [j]. In the beginning, 
a waveguide is used to provide the confinement of light 
in the vertical direction for WGMs. With optical out- 
put vertically emitted from the surface, vertical cavity 
surface emitting lasers (VCSELs) is a natural choice for 
lasers with transverse behavior of a WGM and a vertical 
emission Q. Moreover, large area VCSELs also act as an 
interesting platform for studying optical pattern forma- 
tion in mesoscopic system, such as scar modes [1, 0] and 
cavity solitons @]. 

In recent years, with the advance of new fabrication 
technologies, it becomes more and more feasible to ac- 
tually utilize one- or higher-dimensional periodic dielec- 
tric structures (or especially the photonic bandgap crys- 
tals) to modify the resonance modes in semiconductor 
lasers. Combined with the bandgap effect and microcav- 
ities, ultra-high quality factor for a single defect semicon- 
ductor laser formed bya two-dimensional (2D) photonic 
crystal was reported @]. Typically, WGMs surrounded 
in such various type of defect cavities are lowest-order 
modes due to that the defect geometry is with the same 
order of magnitude to the lasing wavelength. Larger size 
microdisk or microring have been introduced to excite 
higher-order WGMs 

In this work, a 2D photonic crystal micro-structure is 
fabricated on a VCSEL surface [ll| to investigate the 
transverse optical pattern formation by directly collect- 
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FIG. 1: Schematic diagram (a) and SEM image, inset in (b), 
of the device . L-I curves (b) for our VCSEL without (solid- 
line) and with (dashed-line) a surface micro-structure. 



ing near-field radiation intensity. Instead of forming a 
defect cavity, we propose to use the surface structure as a 
deterioration mechanism for the desired lasing character- 
istics. As the whole vertical emission window of VCSEL 
is destroyed by the surface micro-structure, we report the 
observation of higher-order WGMs confined laterally by 
the native oxide layer in a GaAs-based VCSEL at room 
temperature. Through the suppression of lower-order 
cavity modes, up to the 23rd azimuthal order whispering- 
gallery mode is observed both in experiments and sim- 
ulations. The differences of threshold current and emis- 
sion spectra between the same VCSEL with and with- 
out a surface micro-structure are compared. Moreover, 
we show that by increasing the injection current, differ- 
ent vertical emission transverse patterns, corresponding 
to the superposition of modes at different wavelengths, 
are identified both by the spectrum in experiments and 
by a 2D mode solver in simulations. The experimen- 
tal and numerical investigations in this work provide a 
new direction for studying the WGMs in semiconductor 
micro-structures. 
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FIG. 2: The spectra of the VCSEL without (a) and with (b) 
a surface micro-structure at different injection currents. 



The schematic diagram and SEM image of the micro- 
structured VCSEL used in our experiments are shown in 
Figdja) and the inset in (b), respectively. The epitaxial 
layers of the VCSELs are grown by MOCVD on a n+- 
GaAs substrate, with GRINSCH active region formed 
by undoped triple-GaAs-AlGaAs quantum wells placed 
in one lambda cavity. The upper and bottom DBRs 
in the vertical cavity consist of 22 and 35.5 pairs of 
Alo.iGao.gAs/Alo.gGao.iAs layers, respectively. We in- 
troduce an oxide aperture to reduce the lateral optical 
loss and leakage current. Then RIE is performed to define 
mesas with diameters of 68 /xm, where the Alo.98Gao.02As 
layer within the Alo.9Gao.1As confinement layers is selec- 
tively oxidized to AlO^. The oxidation depth is about 
15/im towards the center from the mesa edge so that the 
resulting oxide aperture is around 37.5/im in diameter. 
The p-contact ring with a inner diameter of 46/im and a 
width of 7/im is formed on the top of the p-contact layer. 
The n-contact is formed at the bottom of the n-GaAs 
substrate. Detail device parameter and lasing character- 
istics can be found in our previous publication on a simi- 
lar VGSEL device but with different compound material 

As a comparison, the lasing characteristics of this VC- 
SEL is measured before introducing any surface micro- 
structures. Later on, the micro-structured surface pat- 
tern is defined by the focused ion beam. A hexagonal 
lattice pattern without any defect is fabricated within 
the p-contact ring to introduce surface photonic crystal 
structures. The lattice constant and diameter for this 
hexagonal photonic-crystal-structured VCSEL is 2 and 
l^m, respectively. Moreover, the depth for the surround- 
ing holes is only 0.2/zm in order to destroy the vertical 
reflector only, but not to introduce any photonic bandgap 
effect. 

Fig[TJb) shows the L-I curve, light versus current, of 
the VCSEL without and with a photonic crystal struc- 
ture on it. The threshold currents for lasing operation 
are about 5mA and 10mA before and after introducing 
the surface micro-structure. The increment of the thresh- 
old current is expected since that there is no defect mode 
induced. After turning on, the emission spectra of our 
VCSEL without and with surface micro-structures at dif- 




FIG. 3: Near field intensity distributions on the surface of 
aperture (left column) and emission window (right column) 
of our micro-structured VCSEL at different injection currents, 
i.e. 9mA (a, b), 15mA (c, d), 20mA (e, f), and 25mA (g, h). 



ferent operation currents are shown in FigO for a com- 
parison. In contrast to unstructured VCSELs, significant 
side modes appear in the shorter wavelengths. Like a 
usual VCSEL without any surface structures, the main 
lasing peak in the spectrum for our micro-structured VC- 
SEL also has the same tendency to shift to longer wave- 
length as the change of the refractive index induced by 
the injection currents. 

Next, we measure the near-field electromagnetic inten- 
sity distribution at a fixed injection current. The mea- 
sured field intensity pattern is performed at different dis- 
tances along the vertical direction, i.e. on the surface 
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FIG. 4: Simulations of the field distribution of a surface struc- 
tured VCSEL with the lateral boundary defined by an oxide 
layer. The intensity distributions for the eigen-modes at wave- 
lengths of 852.811nm (a), 853.062nm (b), and 853.208nm (c). 
The superposition of these three eigen-modes is shown in (d). 

of aperture and emission window. While the VCSEL is 
operated below threshold, for example, at the current of 
9mA, it can be seen clearly in FiglSl^a) that spontaneous 
emission pattern just reflects the surface structure and 
the lateral cavity defined by the oxide layer in the VC- 
SEL. The VCSEL is operated below the threshold con- 
dition now. And at the emission window, as shown in 
FigEJb), we can see nothing but a uniform distribution 
of spontaneous emission pattern as a large area VCSEL 
[l3[. In this case the designed surface photonic crystal 
structure has no effect on the lasing characteristics for 
only shallow holes are fabricated. 

As the injection current increases, the VCSEL is op- 
erated above threshold and begins to lase. Owing to 
the destruction of top DBR reflector induced by the sur- 
face micro-structure, lower-order cavity modes are sup- 
pressed and higher-order WGMs have a chance to lase. 
In Fig[3I^c-d), operated at 15mA a clear high-order WGM 
with multiple lobes is directly observed at room tempera- 
ture with number of the azimuthal order to 23. When op- 
erated at higher current, i.e. 20mA, in additional to the 
surrounding WGM scar-like patterns appear in the center 



region, as shown in FiglSlJe-f). By increasing the current 
to 25mA, a strongly localized field pattern is shown in 
the marked region in Fig[3]^h). At this moment, the spec- 
trum of emitting profile contains multiple lasing peaks, 
as shown in FiglSJ^b). 

To verify the experimental observation of higher-order 
WGMs in such a defect-free micro-structured VCSEL, we 
perform a simple 2D model with a finite-element method 
to calculate cavity eigen-modes. The lateral geometry de- 
fined by the native oxide layer is drawn according to the 
observed spontaneous emission pattern below the thresh- 
old current. Then photonic crystal structures are em- 
bedded with the real lattice geometries. The effective 
refractive indices are assumed to be 1 in holes and 3.49 
in the surrounding 5*102 oxide layer. The calculated 
eigen-mode for the wavelengths at 852.811nm is shown 
in FiglU^a), which is a WGM with the same number of 
lobes in the azimuthal direction as the experimental data. 
FigHfb) and (c) show the eigen-modes at wavelengths of 
853.062nm and 853.208nm, with scar-like patterns in the 
center region. The superposition of these three trans- 
verse modes, as shown in Fig|4l[d), results a good agree- 
ment with the experimental observation in Fig[3I^h), and 
explains why there are multiple lasing peaks in the spec- 
trum. 

In conclusion, with micro-structure patterns and near- 
field technologies we investigate the formation of trans- 
verse optical patterns in GaAs-based VCSELs. Without 
introducing any defect mode, the shallow surface struc- 
ture is used to ruin the vertical refiector for the lower- 
order cavity modes. At the expense of higher thresh- 
old current, a native oxide laterally confined whispering- 
gallery mode in VCSELs can be directly observed at room 
temperature. Up to the 23rd azimuthal order vertical 
emission WGM is reported by collecting the near-field in- 
tensity on the surfaces of aperture and emission window. 
The observed superposition of multiple lasing modes are 
identified by three transverse pattens with a direct nu- 
merical simulation. The experimental observations and 
the simulation results provide an alternative but easy ap- 
proach to access WGMs in VCSELs at room tempera- 
ture. 
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